ABSTRACT
into surface soils, where well-drained and unsaturated use of acetonitrile (ACN) as an RDX carrier to spike samples. Organic (oxidative) conditions often predominate. Hawari et al. solvents have been used in laboratory studies to dissolve slightly water- (2000) have suggested that aerobic enzymatic attacks soluble contaminants before addition to soil. We added ACN to obtain on the H-NO 2 or C-H bonds in RDX may lead to the final soil ACN concentrations of 0 mg kg Ϫ1 (0%), 1000 mg kg Ϫ1 (0.1%) formation of unstable intermediates that then undergo and 10 000 mg kg Ϫ1 (1%). We then compared RDX attenuation in spontaneous decomposition. As a result, aerobic biothe soil under saturated and unsaturated conditions. RDX fell below degradation of RDX could serve as a basis for a viable the limit of detection within 3 wk of study initiation under the saturated bioremediation technology. However, in surface soils, condition. A maximum degradation rate of 0.15 mg RDX L Ϫ1 d Ϫ1 soil water potential, especially matric potential, can have was measured. Under the unsaturated condition, 42% of the original a significant effect on plant and microbial growth and RDX was still present at study termination (5 wk). The addition of acetonitrile at 0.1 or 1.0% had no affect on RDX loss in the saturated the subsequent production of exogenous enzymes. The soil. In the unsaturated soil, however, ACN at 1.0% inhibited RDX effect of different soil water potentials on soil microbial loss by as much as 25%. These findings indicate that soil water potenactivity and subsequent biotransformation or biodegratial and carrier solvent concentrations can impact the rate and extent dation of RDX has not been well characterized.
to which RDX is attenuated in a surface soil.
Augmenting soils with contaminants to determine the fate and biodegradability of a pollutant is a common practice. Unfortunately, the influence of an organic sol-I n 1997 the USEPA restricted training exercises at the vent on the extant microbiota and how this in turn can Massachusetts Military Range (MMR) and in 1998 affect contaminant fate is rarely taken into considerall open detonations at the base were stopped. Closing ation. Brinch et al. (2002) recently showed that the use a military base due to environmental concerns may have of dichloromethane, often used to spike soils with a beneficial impact on environmental health, but also PAHs, had a marked effect on indigenous soil microorhas a negative impact on military training and readiness.
ganisms. Dichloromethane applied to the entire soil These opposed issues highlight the importance of develsample had an initial inhibitory effect on all microorganoping a clear understanding of the fate of explosives in isms, which was then followed by an increase in Pseutraining facility soils.
domonas sp. to a cell density approximately 1000ϫ Jenkins et al. (2001) have taken samples soon after greater than that in the control soil. Such an artificial munition detonation to determine the extent and nature enrichment could have an overall effect on contaminant of explosives distribution. They have shown that trainbiodegradation, albeit an unrealistic effect in terms of ing activities can result in the presence of RDX (hexahynatural soil attenuation. dro-1,3,5-trinitro-1,3,5-triazine) in site soils at concenIn this study, we examined RDX attenuation in a trations between 500 and 50 000 g kg
Ϫ1
. Although military training range soil incubated with equal concen-RDX solubility in water is only about 40 mg L Ϫ1 , the trations of RDX, but at three different acetonitrile conorganic C-normalized soil sorption coefficients (K oc ) centrations and two different soil water potentials. Our range from 63 to 270, which places RDX in a classificaobjective was to compare the effects of soil water potention as a medium to high mobility compound (Spangtial and acetonitrile concentrations on RDX attenuagord et Layton et al., 1987; Price et al., 2001;  tion. In a companion study, we examined the response of Swarm et al., 1983) . Jenkins et al. (2001) did detect the extant microbiota to the differences in soil treatment RDX, at levels Ͻ1g L Ϫ1 , in monitoring wells located and how community structure and function were related adjacent to one of their sites. Because RDX is toxic and to RDX biodegradation. its breakdown products, such as the nitrosamines, are suspected carcinogens, mutagens, or both, the potential MATERIALS AND METHODS for ground water aquifer contamination poses a human
The surface soil used in this study was obtained from Ft.
health risk to homeowners on private wells and to muGreely, AK, which is located approximately 160 km (100 nicipalities using ground water supply wells. from the soils. The PLFAs were quantitatively recovered as Soil moisture potential was determined by saturating soils, described in White and Ringelberg (1998) and PLFA concenplacing soils on porous ceramic plates, and applying pressure trations were converted to cell numbers as described in Balkto the desired matric potential. Following equilibration, a wawill et al. (1988) . ter retention curve, relating soil water potential to gravimetric Statistical evaluations were made using the Statistica softmeasurements, was developed (Klute, 1986) .
ware package, version 6.0 (StatSoft, Inc. Tulsa, OK). SignifiUnsaturated or saturated conditions were established in cant differences between treatments were determined by an each microcosm by the addition of 2 or 25 mL, respectively, analysis of variance using the Scheffe test in a post hoc analysis of H 2 O-RDX or H 2 O-RDX-ACN. RDX was added at a conat an ␣ level of 0.05. centration of 10 mg L Ϫ1 . Acetonitrile was added at concentrations of 0, 0.1, and 1% (v/v). Saturated microcosms also received 100 L of a 0.1% resazurin solution as a redox indicator.
RESULTS AND DISCUSSION
Control microcosms were autoclaved at 120ЊC for 20 min three
The unamended soil, as collected, did not contain consecutive times to attenuate the native microorganisms with RDX but did show trace amounts of explosive residues, an 8-h resting or growth period between autoclaving. including 1.0 mg kg Ϫ1 nitroglycerine (NG), 0.01 mg kg
Ϫ1
After RDX was added, microcosms were incubated for a total of 840 h in the dark without agitation at room tempera- showed residual RDX in the remaining soil pellet. This
Rates of RDX loss were calculated as described in Miyares RDX accounted for 32% of the added RDX at the 48 h . The observed concentrations for RDX time point and 1% or less of the added RDX at all were plotted as ln(C/C 0 ) vs. time (t ), where C is the RDX concentration at time t and C 0 is the RDX concentration at subsequent time points (data not shown). Because RDX has a low binding affinity for soil and that approximately 24% of the starting aqueous volume remained in the completely sterilize a soil, but does attenuate the bactesoil following centrifugation, it is likely that the RDX rial signal. In this study, the attenuation was significant. detected was associated with the interstitial water and It is also acknowledged that abiotic degradation of RDX not bound or sorbed to the soils. It is also assumed that by thermolysis, photolysis, or reduction by zero valent the RDX added to the unsaturated soils was recovered metals can occur. In each of these abiotic processes as as solution RDX as well.
well as in certain biotic degradation pathways, an initial In the saturated treatments, there was no significant attack of the cyclic nitramine results in ring cleavage and difference in RDX loss as a result of ACN concentrathe formation of the intermediate methylenenitramine tion. Although the first-order rate coefficient for the that is then further degraded to N 2 O and HCHO. Based 1% exposure was slightly lower than that of the 0 and on a comparison to the autoclaved controls, biotic pro-0.1% treatments, the significance of the decrease was cess were typically two to three times greater than abiminor (Table 2) . otic processes at the 168, 504, and 840 h sampling peri-RDX loss (as well as mean RDX concentrations) ods. In addition, samples were incubated in the dark, between the active and control microcosms were signifiat room temperature with no supplemental metals. cantly different (Fig. 2) . First-order rate coefficients for Singh et al. (1998) have shown that Fe 0 can increase the control microcosms averaged 0.001 Ϯ 0.0002 across the rate and extent of RDX degradation. However, their the two acetonitrile treatments, six times less than that experiments involved amendments with Fe 0 so that final observed in the three active microcosms ( Table 2 ). The Fe 0 concentrations were 10 to 50 g kg Ϫ1 soil. Extractable differences in rates and extents of RDX loss between Fe present in the Ft. Greely soils used in this study were the active and control microcosms indicated that RDX 0.25 mg kg Ϫ1 and Fe was not added. In addition, Singh degradation was, at least partially, attributable to biotic et al. found that RDX activity remained unchanged at processes. Conversely, the observed loss of RDX in the aqueous Fe 0 concentrations of Ͻ2 g L
. control microcosms could not be entirely attributed to
The high organic matter content of the soil (approxiabiotic processes, as viable bacteria were observed in mately 10%) suggests that available C other than RDX the control microcosms at study termination (data not was abundant for microbial metabolism. Given the availability of organic C, it seems unlikely that RDX shown). It is acknowledged that autoclaving does not would be a desirable substrate. However, in other studaddition (Table 2 ). These rate coefficients were 7 to 11 times less than those observed in the saturated microies, RDX serves as a source of N and not C. In fact, Rhodococcus rhodochrous strain 11Y is capable of using cosms. Half-lives for RDX in the unsaturated soil were calculated to be 29, 29, and 48 d for the 0, 0.1, and 1.0% RDX as a sole source of N but not a s a sole source of C (Seth-Smith et al., 2002) . In addition, high concentra-ACN additions, respectively (Table 2) . These values are similar to those reported by Speitel et al. (2001) , who tions of soil organic matter promote the formation of reduced conditions due to high levels of microbial activfound half-lives for RDX in microaerobic soils to range from 60 to 43 d, depending on nutrient concentrations. ity and RDX biodegradation is favored under a reduced environment.
Although abiotic processes of RDX degradation were undoubtedly present in the saturated and unsaturated microcosms of this study, the extent of abiotic degradation appeared to be far less than that attributable to biotic processes. Precise descriptions of the nature of any abiotic processes present were outside the scope of this research effort.
Loss of RDX in the saturated microcosms coincided with a gradual increase in the anaerobicity of the system, which was indicated by a color loss in the added resazurin dye. The increase in anaerobicity also coincided with the occurrence of nitroso intermediates in both the active and control microcosms (Fig. 3) . The MNX and DNX concentrations reached a maximum 168 h into the time course and were transient in nature in the active microcosms, falling to below detection limits by study termination. The concentration of TNX reached a maximum at 840 h into the time course (Fig. 3) . No other known intermediates (of RDX biodegradation) were targeted for detection. The results described here for RDX loss, nitroso intermediate formation, and subsequent nitroso intermediate disappearance in conditions that are microaerophilic to anaerobic are consistent with the findings of Light et al. (1997) , Shen et al. (1997) , Young et al. (1997) , Boopathy et al. (1998), and Guiot et al. (1999) . No nitroso intermediates were detected in the soil extract following centrifugation (i.e., sorbed to the soil), which is consistent with the finding of Sheremata et al. (2001) .
RDX concentrations in the unsaturated soil never decreased to an undetectable level, remaining at 42% of the initial addition at study termination (Fig. 2) . Sig- The core material examined by Speitel et al. (2001) was rate at which RDX was lost in the unsaturated soil by a factor of 7.5, but had no significant effect in satuat 8% gravimetric moisture level but the water potential was not given. Our treatment was at 40% gravimetric rated soil.
The results of this study demonstrated that RDX and moisture and was equivalent to Ϫ0.015 MPa for this soil. The results of this study, of Speitel at al. (2001) , its nitroso-derivatives can be biodegraded by an indigenous microbiota in a cold region soil with relatively and of Grant et al. (1993) indicate that RDX biodegradation in unsaturated soils is either directly or indirectly high organic content. No distinction is made between biotransformation or biomineralization. For this soil, dependent on soil moisture potential.
No nitroso-intermediates were detected in the unsatu-RDX loss rates were significantly greater when the soil was saturated and was rapidly becoming reduced. Alrated microcosms. Although reported the presence of MNX as an RDX interthough it is acknowledged that autoclaving does not completely sterilize soils, it does attenuate the in situ mediate during the aerobic biodegradation of RDX by the white rot fungi, Phanerochaete chrysosporium, this microbiota. Therefore, the significantly greater loss of RDX in the active microcosms, as compared with the organism was not present in this study.
The ACN had a significant effect on RDX biodegraautoclaved controls, suggested that biodegradation was a significant component to the observed RDX loss. The dation in the unsaturated soil only. The 1% ACN addition (10 000 ppm) inhibited RDX degradation by aptransient nature of nitroso-intermediates was viewed as a further indication of probable microbial activity proximately 25% (Fig. 2) . Because microorganisms were present, approximately 4 ϫ 10 11 cells kg Ϫ1 at 48 h, (Walker and Kaplan 1992) . The fact that organic solvents can influence microbial the inhibition of RDX catabolism suggests either that: (i) the acetonitrile acted as a selective toxicant, or (ii) degradation activity is well established, but nevertheless, these solvents are often used to introduce organic that the acetonitrile served as an alternative C source. Acetonitrile has a low toxicity to bacteria, cyanobactesubstrates into soils. The manner in which these solvents interfere with the degradation process is not well underria, green algae, and protozoans, with thresholds above 500 L L Ϫ1 (Hashimoto et al., 1993; USEPA, 1985) . In stood. In this study, the C or N in acetonitrile appears to have interfered with the aerobic biodegradation of this study acetonitrile final concentrations ranged from 1000 (0.1%) to 10 000 L L Ϫ1 (1.0%), which are well RDX when present at 1% of the total aqueous volume, but had no detectable effect on the anaerobic catabolic above the presumed threshold. However, there was no significant loss in viable cell numbers over the time process. The differential response of the microbiota to the presence of the solvent highlights the dynamic and course of the experiment as a result of the 1% ACN addition (Table 1) . If it is assumed that toxicity would intricate nature of an indigenous microbial community. These results emphasize that caution may be needed result in a decrease in viable cell numbers, then these data suggest that acetonitrile was not toxic at the levwhen extrapolating laboratory-based results in the making of far reaching land management decisions. els administered.
Acetonitrile has been shown to be readily degraded by the aerobic heterotroph, Pseudomonas putida (Na- 
